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ABSTRACT
The weather forecast centers in Australia and many other countries use a scale of cyclone intensity categories
(categories 1–5) in their cyclone advisories, which are considered to be indicative of the cyclone damage potential.
However, this scale is mainly based on maximum gust wind speeds. In a recent research project involving
computer modeling of cyclonic wind forces on roof claddings and fatigue damage to claddings, it was found
that cyclone damage not only depends on the maximum gust wind speed, but also on two other cyclone parameters,
namely, the forward speed and radius to maximum winds. This paper describes the computer model used in
predicting the cyclone damage to claddings and investigates the damage potential of a cyclone as a function of
all the relevant cyclone parameters, based on which it attempts to refine the current scale of cyclone intensity
categories.
1. Introduction
The weather forecasting centers around the world pro-
vide a comprehensive weather service, including the
important warnings of events such as tropical cyclones
that may endanger life and property. Tropical cyclone
advisories (watch and warning) are provided by the Aus-
tralian Bureau of Meteorology when a cyclone threatens
coastal or island communities. As the minimum warning
requirements, these advisories specify the target area
and threat characteristics of the cyclone, and provide
sufficient lead time for effective sanctuary (Woodcock
1995). They include full details of the cyclone such as
its severity category, location and movement, the extent
of destructive and very destructive winds, and the areas
under watch and warning. Among these, the category
of cyclones, reflecting its damage potential or threat
characteristics, is a very important parameter the com-
munity should know in advance so that they are aware
of the type of damage that could result due to the im-
pending cyclone. Using the category scale, communities
will be able to assess the degree of cyclone threat and
take appropriate precautionary or evasive action.
The Bureau of Meteorology in Australia and many
other countries estimate the category of cyclone mainly
based on gust wind speed as shown in Table 1. In this
table, categories of cyclone severity range from 1 for a
system just reaching cyclone strength to 5 for the most
severe cyclone. Cyclones are also categorized based on
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their gust wind speed and pressure and given a rating
of 1–5 as per the so-called Saffir–Simpson scale shown
in Table 2 (Saffir 1989). In Table 1, only gust wind
speed is used, as central pressure is generally not a
reliable indicator of cyclone intensity (Davidson and
Smallegange 1995). The gust wind speed is a function
of central pressure, but the relationship is rather complex
and nonlinear.
Estimating the damage caused by cyclones is more
complicated than the simple system of intensity–severity
categories based on maximum gust wind speed and/or
central pressure. A fully developed cyclone has a coun-
terclockwise rotating motion in the north and clockwise
motion in the south of the equator, and moves forward
at the same time. The characteristics of a cyclone and
its damage potential are influenced by a number of pa-
rameters, in particular, the central pressure p, maximum
gust wind speed Vu, radius to maximum winds R, and
forward speed U. It is important that the relationship
between damage and these cyclone parameters is known
accurately in order to provide accurate warning mes-
sages to the community. This paper demonstrates how
a number of these cyclone parameters influence its dam-
age potential, based on which it makes recommenda-
tions to improve the accuracy of cyclone categories.
2. Computer modeling of cyclone damage to roof
claddings
As part of a research project at James Cook Univer-
sity, a FORTRAN program Matrix was developed to
determine the cyclic uplift pressures on roof claddings
due to a 5-h design cyclone in the form of a fatigue
wind loading matrix, and the fatigue damage to steel
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TABLE 1. Cyclone intensity categories used by the Australian
Bureau of Meteorology.
Category
Strongest gust
(km h21) Damage potential/typical effects
1 ,125 Minimal—negligible house damage;
damage to some crops, trees, and
caravans*
2 125–170 Moderate—minor house damage; signif-
icant damage to signs, trees, and car-
avans; heavy damage to some crops;
risk of power failure
3 170–225 Major—some roof structural damage;
some caravans destroyed; power fail-
ure likely
4 225–280 Devastating—significant roofing loss
and structural damage; many cara-
vans destroyed; dangerous airborne
debris; widespread power failures
5 .280 Extreme—extremely dangerous with
widespread destruction
* Mobile homes.
TABLE 2. Saffir–Simpson scale of tropical cyclone intensity/
category.
Intensity
Saffir–Simpson
scale/category
Central pressure
(hPa)
Max basic
wind speed
(m s21)
Mild
Medium
Severe
Very severe
Catastrophic
1
2
3
4
5
.990
970–985
950–965
930–945
,925
20–30
35–45
50–60
65–75
80–90
TABLE 3. Fatigue wind loading matrix for the design cyclone. Note: Pu 5 ultimate design wind load. All pressure cycles are suction on roof.
Mean/Pu
Range/Pu
0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95 1.05 1.15 1.25
0.05
0.15
0.25
0.35
0.45
82 915
70 019
29 613
7415
1716
3682
9279
6923
2478
675
549
2413
2073
838
242
89
778
894
317
86
7
213
474
175
31
0
51
207
120
13
0
9
72
87
7
0
1
19
48
9
0
0
5
19
8
0
0
1
5
5
0
0
0
1
3
0
0
0
0
0
0
0
0
0
0
0.55
0.65
0.75
0.85
0.95
403
92
25
4
0
154
34
10
2
0
60
14
1
0
0
19
5
1
0
0
7
1
0
0
0
3
0
0
0
0
2
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
roof claddings caused by the same cyclone. In this in-
vestigation the same program was used to determine the
roof cladding damage caused by cyclones with different
characteristics. It was often found that metal roof clad-
ding was the weakest link in the structural system car-
rying the fluctuating uplift loading due to cyclones.
Since damage to roof claddings often initiates a pro-
gressive collapse of buildings during cyclones, it can
be used adequately to review the effects of cyclone pa-
rameters p, Vu, R, and U on damage potential and the
cyclone categories currently used. Following sections
present the important parts of the theory used in writing
the computer program Matrix. Further details can be
found in Jancauskas et al. (1994).
a. Cyclonic wind forces on roof claddings
As the first step, a database consisting of wind tunnel
pressure coefficient matrices in the format of Table 3
was developed for 13 wind directions at two critical
locations on the roof (gable end and eaves) of a typical
house model in two different terrain conditions.
The wind speed at a particular location and time dur-
ing a tropical cyclone is a function of p, R, U, the surface
terrain, and other meteorological factors. During the
passage of a tropical cyclone the worst winds are nor-
mally experienced by structures located adjacent to the
path of the edge of the eye where the maximum wind
speeds occur due to the superposition of the cyclone’s
forward motion on the circular rotation of the cyclone
(see Fig. 1). In this analysis, the peak wind speed that
occurs when r 5 R (Fig. 1) was made to coincide with
the direction producing the maximum peak pressure at
the particular location under study. Accordingly, based
on the wind tunnel testing, the model house was posi-
tioned at 758 to the path of cyclones at T 5 2.5 h as
shown in Fig. 1. By a relative movement of the center
of cyclone eye with respect to the house, wind speed
and direction were calculated using a time interval of
15 min. An empirical formula (Walker et al. 1987) was
used to calculate the maximum 10-min mean wind speed
V (m s21) at a distance of r (km) from the cyclone center
and a height of 10 m for the Southern Hemisphere [Eq.
(1)]. In Equation (1), the two components of tangential
speed (R/r)k and forward speed KU are added vec-Vp9
torially:
kV 5 V (R/r) 1 KU,p9 (1)
where Vp9 5 C 1010 2 p, K 5 factor accounting forÏ
terrain friction losses, C, k 5 constants obtained from
past cyclone data (Walker et al. 1987), and p, U, and R
are in hPa, m s21, and km, respectively.
By choosing appropriate p, U, and R values to match
the required ultimate wind speed, the variation of wind
speed and direction can be obtained for a cyclone. In
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FIG. 1. Analysis of wind speed and direction during the design cyclone.
Jancauskas et al.’s (1994) analysis, the following cy-
clone parameters were used such that the peak wind
speed Vp at r 5 R (see Fig. 1) matches the corresponding
ultimate wind speed (70 m s21) specified by the Aus-
tralian wind loading code for cyclone prone region C
and rural terrain conditions: p 5 930 hPa, U 5 15 km
h21, R 5 25 km, K 5 0.5, C 5 4.5, and k 5 0.67. This
analysis gave the variation of wind speed and direction
with time for the assumed cyclone duration of 5 h. Based
on this data, appropriate wind tunnel matrices were first
chosen and modified for full-scale conditions to derive
the fatigue wind loading matrix for each time interval
of 15 min. The resulting 21 matrices were then added
to produce the fatigue wind loading matrix for the design
cyclone. Table 3 presents this most severe loading ma-
trix for the gable end location at a roof height of 4 m
in rural terrain conditions. As seen in Table 3, wind
pressures during a 5-h design cyclone are represented
by a matrix consisting of the number of loading cycles
for various combinations of range and mean level of
loading expressed as a ratio of ultimate design wind
load. An alternative approach to determine fatigue wind
pressure loading on roof cladding is described by Xu
(1995a). His method takes into account the long-term
effects of wind climate but disregards the effects of
variations of wind speed and direction during a cyclone.
b. Cyclone damage to roof claddings
Once the cyclonic wind forces on roof claddings have
been obtained as in Table 3, the program Matrix cal-
culates the cyclone damage using the fatigue charac-
teristics of roof claddings. For this purpose, Mahen-
dran’s (1990) cyclic wind uplift test results on two-span
assemblies of one of the common steel roof claddings
(corrugated roofing) were used. These tests based on the
loading blocks from Table 3 matrix produced a number
of cycles to failure in each case when one or more
fasteners pulled through the roofing after severe fatigue
cracking. These results formed the experimental fatigue
characteristics matrices of cycles to failure in the same
format as the wind loading matrix in Table 3 (Mahen-
dran 1990). Experimental matrices were then integrated
with the wind loading matrices obtained for each time
interval using a simple linear cumulative fatigue theory
known as Miner’s rule to calculate the fatigue damage.
Fatigue damage caused by each cell of loading of the
fatigue wind loading matrix was given by the ratio of
the number of wind loading cycles in each cell to the
number of cycles to failure of roofing in the correspond-
ing cell in the fatigue characteristics matrix of roofing.
This analysis produced a fatigue damage matrix for each
time interval in the same format as in Table 3. The total
fatigue damage caused by the cyclone was given by the
sum of fatigue damage during each time interval. Figure
2 gives the damage caused by the fatigue wind loading
of a cyclone with 70 m s21 ultimate wind speed and the
overall fatigue damage index. This is the basis of cal-
culating fatigue roof damage in the program Matrix, and
it produces a fatigue damage index once the cyclone is
specified in terms of Vu, U, and R.
Xu (1995b) used a modified Miner’s rule by intro-
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FIG. 2. Fatigue damage matrix.
FIG. 3. Cyclone damage index for roof claddings.
ducing a modification factor K, but this method is also
approximate. In this investigation, the damage potential
of a cyclone is investigated as a function of cyclone
parameters by comparing the fatigue damage indices,
and hence the use of simple Miner’s rule is adequate.
3. Cyclone damage
Fatigue damage to roof cladding can be used as a
useful measure of the damage potential of a cyclone.
The records of past cyclones indicate that among the
cyclone parameters not only Vu and p, but U and R also
vary significantly. As seen in Table 1, the gust wind
speed Vu of severe cyclones (category 3 and above) has
a range from 170 to more than 280 km h21. Similarly,
the forward speed U can vary from 5 to 25 km h21 and
the radius to maximum winds R from 5 to 60 km. In
this investigation such variations in all three parameters
were considered using the program Matrix in order to
study the influence of these three parameters on roof
cladding damage and, thus indirectly, building damage.
The program calculated a fatigue damage index in each
case as in Fig. 2.
A total of 105 cases of varying cyclone characteristics
were analyzed. Five different gust wind speeds corre-
sponding to the midpoint and the boundary of the cy-
clone categories listed in Tables 1 and 2 were chosen:
170, 195, 225, 252, and 280 km h21 (47.2, 54.2, 62.5,
70.0, and 77.8 m s21). For each wind speed, three dif-
ferent forward speeds of cyclone, U, were chosen: 5,
15, and 25 km h21. For each forward speed chosen, the
radius to maximum winds R was varied through 5, 10,
20, 30, 40, 50, and 60 km. The values of U and R were
based on the records of past cyclones. When using the
program Matrix, gable end roofs and rural terrain con-
ditions were assumed. The damage indices obtained for
these 105 cases are presented in Fig. 3.
As seen in Fig. 3, the damage caused by a cyclone
with the same gust wind speed can vary significantly
depending on the forward speed U and radius to max-
imum winds R. A large cyclone (one with a large R)
produces greater damage than a small one with the same
gust wind speed. For a given peak gust wind speed, a
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TABLE 4. Proposed cyclone intensity categories based on damage
index.
Category Damage index
1
2
3
4
5
,5 3 1026
5 3 1026 to 0.0005
0.0005–0.2
0.2–2.0
.2.0
TABLE 5. Past cyclone data and their relationship to intensity category and damage index.
Cyclone p (hPa) Vu (km h21) U (km h21) R (km) Category Damage index from Fig. 3
Winifred
Nina
Tracy
960
965
970
965
949
220
190
170
180
229
15
7–15
18
5–10
6
30
30
70
70
7
3
3
2–3
3
4
0.22
0.006–0.015
0.0006
0.004–0.005
0.25
Orson
Joy
Annette
905
970
945
940
940
925
275
170
220
230
172
193
avg 28
10
7
7
10
25
25
90
140
140
50
50
4
2–3
3
3–4
2–3
3
1.0
0.0008
0.6
0.8
0.0008
0.006
Bobby
Chloe
940
925
935
920
172
193
179
199
12
12
13
7–13
40
30
40
50
2–3
3
2–3
3
0.0006
0.009
0.001
0.01–0.02
cyclone with a smaller forward speed U will result in
larger rotational speeds over the entire area and hence
is more damaging than a cyclone with a larger forward
speed. As seen in Fig. 1, a cyclone with a larger forward
speed will mean lower rotational speeds on one side of
the cyclone as rotational and forward speeds are in the
opposite direction on this side of the cyclone.
As an example, for a gust wind speed of 252 km h21
(average gust wind speed for a category 4 cyclone) the
fatigue damage index ranges from 0.05 to 2.4. Since an
analytical damage index of 1.0 means failure of roof
cladding, this result implies that an average category 4
cyclone may inflict only minor roof damage or it could
destroy the roof completely. The damage index range
widens if the range of wind speed is considered for each
cyclone category. A category 4 cyclone is defined as
one with a gust wind speed from 225 to 280 km h21,
and in which case, the damage index has a wider range
of 0.007 to 5.4. Therefore if a cyclone is classified as
category 4 because its gust wind speed lies in the range
of 225 to 280 km h21, it could either be a very severe
cyclone or a mild cyclone.
Furthermore, there is an overlap of damage index
range between categories of cyclones. For example, a
category 5 cyclone with a gust wind speed of 280 km
h21 may cause a damage index as low as 0.2, whereas
a category 3 cyclone with a gust wind speed of 225 km
h21 may cause a damage index of 0.7 (see Fig. 3). This
happens because of the variation of parameters U and
R, and is not acceptable.
Considering the results discussed so far, it appears
that ranking of a cyclone should be based on a fatigue
damage index that includes the effects of all the cyclone
parameters Vu, p, U, and R. This will be needed par-
ticularly if the real cyclones have the wide range of
combinations of cyclone parameters considered in this
analysis. If the fatigue damage index prediction of the
computer program Matrix is accurate, then ranking of
cyclones can be done accurately based on a chart like
Fig. 3. With this assumption, attempts can be made to
propose a new cyclone category system using a damage
index criterion as shown in Table 4. The proposed scale
can be chosen to produce something comparable to the
existing classification system. For example, a damage
index of 2.0 or greater can be considered to have been
caused by a category 5 cyclone, and 0.2 to 2.0 by a
category 4 cyclone and 0.0005 to 0.2 by a category 3
cyclone. Although this new system is based on an im-
proved criterion, there are a number of inaccuracies as-
sociated with it. First, the damage index range for each
category cyclone has to be selected somewhat arbitrar-
ily. Second, the fatigue damage indices predicted by the
computer program Matrix are approximate because of
the complicated fatigue behavior of screw-fastened thin
steel roof claddings under cyclonic wind forces (Mah-
endran 1990, 1994). If these shortcomings are over-
come, then the new approach proposed in this section
can be recommended. An accurate computer model that
predicts the cyclone damage to claddings and/or build-
ings as a function of cyclone parameters Vu, R, and U
will be needed together with a reliable classification
based on cyclone damage. Access to these tools will
enable the weather forecasting organizations to provide
improved cyclone advisories.
The Australian Bureau of Meteorology monitors the
cyclone parameters p, Vu, U, and R from the time the
cyclone appeared in the ocean until landfall. Table 5
presents the cyclone parameters at two selected times
during the course of some cyclones that affected the
Australian coastal areas. These data were then used to
assess their damage potential (column 7 of Table 5) and
SEPTEMBER 1998 883N O T E S A N D C O R R E S P O N D E N C E
to compare with current predictions of intensity cate-
gory based on Table 1 (column 6 of Table 5). When the
Bureau of Meteorology predicted a change of category
from 2 to 3, that is, the boundary between categories 2
and 3, for the cyclones in Table 5, they all had a fatigue
damage index of the same order (range of 0.0006–
0.001). This result supports the current use of gust wind
speed alone to categorize cyclones. This is due to the
following reasons. First, wind gust speed Vu is the dom-
inant parameter causing damage to claddings/buildings.
Second, although the forward speed U and radius to
maximum winds R can vary for a given Vu, the worst
cases of U and R may not occur at the same time as
seen with the cyclone data considered for this purpose
(see cyclones of category 2 to 3 in Table 5). In contrast,
in developing the damage index chart in Fig. 3 it was
assumed that the extreme combinations of Vu, U, and
R could occur.
Damage indices of most category 3 cyclones in Table
5 appear to fall within a short range of 0.004 to 0.2 as
proposed earlier. The category 4 cyclones in Table 5
produced a damage index of 0.25 to 1.0, which also
agrees with previous discussions. In summary, it is clear
that ranking of cyclones is better achieved by using a
satisfactory criterion based on damage index and an
accurate computer model to calculate that index taking
into account all the cyclone parameters Vu, p, U, and
R. However, the past cyclone data reported in this paper
indicate that the extreme combinations of the cyclone
parameters may not occur regularly in practice. There-
fore the current system of using the dominant parameter,
the wind gust speed, may be adequate in most cases.
4. Conclusions and recommendations
The damage potential of a tropical cyclone has been
investigated as a function of the maximum gust wind
speed, the radius to maximum winds, and the forward
speed of cyclones using a computer model that predicts
roof cladding damage. This investigation has shown that
although the maximum gust wind speed is the dominant
parameter, two other parameters, the forward speed and
radius to maximum winds, also influence the damage
potential of a cyclone. Therefore prediction of the cy-
clone intensity categories should be based on such com-
puter models used in this investigation and appropriate
damage criteria. However, these models are approximate
and further research is required to correlate the theo-
retical damage to the actual damage observed during
cyclones. Past cyclone data indicate that extreme com-
binations of these cyclone parameters do not occur at
the same time, and thus the current system of using the
maximum gust wind speed appears to be satisfactory.
However, it is important that all three cyclone param-
eters are considered in deciding the cyclone intensity
category required for cyclone advisories.
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